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Abstract
In medicine, gold nanoparticles are widely used because of its unique properties. They are usually attached to a monoclonal 
antibody in treatment and diagnosis. Computational and laboratory work has demonstrated that the structure of the protein 
can change after interaction with gold nanoparticle and the effect of nanoparticle on the protein is dependent on the type 
of bond between them. Thus, finding out how nanoparticles affect the protein structure can help us to design the optimal 
complex of gold nanoparticle–antibody. In the present study, docking and molecular dynamic simulation were performed to 
obtain an insight at the molecular level in the binding of immunoglobulin G to the Gold nanoparticles, the structure change 
in immunoglobulin G, and binding energies of Fab and Fc domains of Immunoglobulin G to the GNP. We found the Fab 
region was more stable than the Fc region when bound to the GNP surface and it also had less structural changes. In neutral 
pH, Van der Waals interactions contribute more to the Fab–GNP interaction compared to electrostatic interactions; However, 
in Fc–GNP interaction, the main contributor is the electrostatic energy.
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1 Introduction
Owing to their biocompatibility, facile bio-conjugation, 
and their distinctive optical properties, gold nanoparticles 
(GNPs) are widely used for gene and drug delivery, nuclear 
targeting, biomedical diagnosis, immunoassay, and thera-
peutics [1–6]. Due to their widespread use in various fields 
such as biology, physics, and chemistry, the interaction 
between biomolecules and solids surfaces—in particular 
nanoparticles—have attracted significant attention over the 
past few decades [7].
Different peptides, proteins, and polymers, etc., have 
been used for functionalization of GNPs. Antibodies (Abs) 
are widely used as detection elements and Abs–GNPs con-
jugates, due to their specific affinities to the target anti-
gens—have drawn more attractions [1, 8–13]. Abs–GNPs 
conjugations are used as effective agents for diagnostic and 
therapeutic applications [14].
Computational simulations and experiments have dem-
onstrated that the structure and function of peptide and pro-
teins can change upon interaction with GNPs [15–19]. Vari-
ous factors such as peptide length [20], protein secondary 
structure (alpha helix or beta sheath) [18, 21], and protein 
orientation [21–24] can affect the amount of the change. It 
is proven that misfolded proteins lack a natural biological 
activity. Therefore, it is very important to monitor structural 
changes of protein caused by conjugation to nanoparticles 
(NP) [15].
The amount of structural changes in the protein varies in 
binding to different nanoparticles [20].
In 2010, Douglas et al. examined the conformational 
changes in human blood proteins, histone, fibrinogen, albu-
min, γ-globulin, and insulin when adsorbed onto GNP using 
circular dichroism (CD) measurements and fluorescence 
emission spectroscopy. CD demonstrated that the severity 
of conformational changes can be strongly altered by the 
type of protein [15].
In 2012, Kaur et al. found that IgG was absorbed in a 
sphere with a diameter of ≥ 20 nm and did not bind to pro-
tein A. This study showed that the size of the nanoparticles 
can greatly affect the binding activity of the adsorbed pro-
teins [16].
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In the latest work of our team in 2015, the interaction of 
human serum albumin with gold nanoparticles and changes 
in protein structure were investigated using molecular 
dynamics coupling and simulation. The results showed that 
after albumin absorption on the gold nanoparticle, human 
serum albumin was dendrobated and the alpha-helix value 
was significantly reduced [18].
In a study by Dominguez-Medina et al. in 2016, differ-
ent interaction pathways between gold nanorods and bovine 
serum albumin were identified. It was found that bovine 
serum albumin tolerated local structural changes that affect 
nanoparticle stability, cancer cell uptake, and even protein 
secondary structure [17].
In 2014, Zhang et al. found that IgG type protein appears 
to displace the citrate ligands to bind with the metal core 
during its interaction with the citrate-coated GNP.
Despite the widespread use of antibody–GNPs com-
plexes, there is no study so far that shows how nanoparti-
cles affect the structure of antibodies? And how is antibody 
binding more stable? In the present study, we investigated 
the interaction of human immunoglobulin G (IgG) with gold 
nanoparticle surface. Research has shown that immunoglob-
ulin, for binding to a gold nanoparticle containing a coating 
such as citrate, shrinks the coating, and binds to the gold 
surface [25]. With this in mind, the direct binding of nano-
particles on the surface of gold is considered in this study.
IgG molecules are almost Y-shaped with three parts equal 
in size which are loosely connected to one another by a flex-
ible belt. The two upper arms are called Fab and the bottom 
one is called Fc. Areas of Fab that differ in various antibody 
molecules are called V regions, which participate in binding 
to the antigen, whereas the Fc region has fewer variations 
and interacts with molecules and cells. The present study 
was conducted in order to improve our understanding of IgG 
structural changes, binding energy of Fc and Fab while bind-
ing to the GNP.
2  Computational Method
2.1  Docking of IgG–GNP
We used Auto Dock tools 1.5.4 Application (ADT) to calcu-
late the rigid docking of IgG–GNP [26]. We also used X-ray 
crystallographic structure of an intact IgG1 monoclonal anti-
body (PDB accession 1IGY) as the original structure of IgG.
In the present study, by using the term “GNP,” we mean 
cubic gold nanoparticles—gold nanospheres and gold 
nanorods. We study whether a GNP with an exposed Au (111) 
face can be considered as a large crystalline surface. If the 
nanoparticles have a 5-nm diameter (the minimum gold nano-
sphere size Sigma-Aldrich sells) therefore the accessible space 
on the surface of an individual nanoparticle is roughly eight 
times larger than the area occupied by a single protein and if 
the diameter reaches 10 nm, it is 26 times larger. Therefore, 
it can be reasonably accepted that IgG views the gold nano-
sphere as a local flat Au surface [27].
We used the HyperChem program to construct one layer of 
gold slab from atoms of gold for docking and a five-layer gold 
for molecular dynamic simulation. For the docking simulation, 
we considered IgG as a receptor and counted an Au layer with 
140 atoms as a ligand. We also considered the active bonds of 
the ligand to be non-rotating.
2.2  Molecular Dynamic Simulation
We used the molecular dynamics method to simulate the inter-
action between nanoparticle and antibody. We put the com-
plex in solvent with the TIP3P model of water [28, 29]. The 
boundary conditions were periodically applied throughout the 
system. In order to simulate the physiological conditions in the 
simulation environment, the  Cl− and  Na+ ions with 150 mM 
concentration were added to the simulation box which eventu-
ally neutralized the environment of the box.
We used Gromacs 5.0.6 software package [30–35] and 
the GolP-CHARMM force field [36] to perform all these 
simulations. GolP-CHARMM is a force field for gold which 
is compatible with existing bio-organic force fields such as 
CHARMM, and predicts the equilibrium of peptide uptake 
from computational simulations [36].
In the present study, we considered the polarization of gold 
atoms as an ensemble of hard rods by replacing any of the 
gold atoms with a dipole with two opposing charges. The pro-
tein atom’s partial charge forces the rod to an energetically 
preferential direction, and the average bipolar moment of the 
rod ranges from zero to a finite value. Additionally, for each 
gold atom on the surface of Au (111), two LJs (Lnarad Jones) 
virtual sites (VS), which were located in a hollow place, were 
created, and using VS, it was possible to attract atoms to the 
on-top location, which is the actual interaction site instead of 
the hole. The main gold atoms of the surface were given no 
LJ interaction. Using the following function, we can calculate 
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the interactions of Van der Waals, chemisorption, and π elec-
tron between the gold and biomolecule. The 12–6 LJ potentials 













In addition to the general parameters of the LJ for gold 
that reproduces the adsorption energy of alkane, the LJ terms 
for Au–S, Au–N, Au–O, Au–H(–O), and C for chemical spe-
cies and SP2 hybridized carbon are set in this force field.
Minimization was performed for 2 ns in the NPT ensem-
ble to remove overlaps between water and amino acids, fol-
lowed by dynamic simulation for 80 ns in NVT ensemble 
at T = 300°K. Nose–Hoover thermostat [37] was applied 
to keep the system at optimal temperature. The LINCS 
algorithm was run to allow a time step of 8 × 10−4 ps [31]. 
Long-range electrostatic interactions were considered using 
the Ewald method, with a real space cut-off of 4 Å. Van 
der Waals interrupted at 14 Å. Visual molecular dynamics 
(VMD) 1.9 [38] was used to prepare snapshots.
3  Results
3.1  Two IgG Orientations on the GNPs from Docking
We performed IgG–GNP docking and chose the complexes 
that had the highest binding energy score (− 10.3 kcal mol−1 
for the first complex and − 11 kcal mol−1 for the second 
complex) for the Molecular dynamics simulation (Table 1). 
Free binding energy = final intermolecular energy + final 
total internal energy + torsion-free energy unbound sys-
tem’s energy. The unbound system energy and total internal 
energy are equal and cancel out each other in the free energy 
equation. Due to ligand’s non-rotatable bonds, the torsional-


















the intermolecular energy. The two structures selected for 
the molecular dynamic simulation are illustrated in Fig. 1: 
in one structure, the antibody binds to the GNP from Fab 
(Fig. 1a, c) and from Fc in the other one (Fig. 1b, d).
3.2  Conformational Changes of IgG upon Binding 
to the GNPs
After the gold nanoparticle was attached to IgG, in the Fab 
region which was in direct contact with the GNP, the beta 
sheet and coil values reached from 42% and 24% to 30% 
and 34.7%, respectively (Fig. 2a). And as for the Fc region, 
Table 1  Encountered complexes resulting from the rigid-body docking of IgG to the GNP surface
Final intermolecular energy 
(vdW + H-bond + desolv 
energy) (1)
Final total internal energy 
(2)






Complex 1 − 11 − 7.23 − 7.23 − 11 51
Complex 2 − 10.3 kcal mol−1 − 1.35 kcal mol−1 − 1.35 kcal mol−1 − 10.3 kcal mol−1 44
A                                        B








Fig. 1  Main structures of GNPs–IgG interactions through: Fab (a) 
and Fc (b) with schematic, and ribbon Fab (c), Fc (d) representation
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which was in contact with the GNP, the beta sheet values 
rose by 5.8%, but the amount of coils declined by 6.1% 
(Fig. 2b).
In the Fab region–GNP bond, the number of bonds 
between atoms n − n + x (0 ≤ X) in Fab domain changed 
considerably (Fig. 2c) but in Fc region–GNP bond, the num-
ber of intra-molecular bonds do not show any major changes 
(Fig. 2d).
There was a change in the number of hydrogen bonds in 
IgG upon adsorption into the GNP. The number of hydrogen 
Fig. 2  Changes in the secondary structure components during binding through Fab (a) and Fc (b), the number of n − n + x (0 ≤ X) bonds (from 
Fab (c), from Fc (d)) and the number of hydrogen bonds (from Fab (e), from Fc (f)) on the nanoparticle surface during antibody adsorption
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bonds in Fab-bound IgG decreased. As we mentioned ear-
lier, adsorption of Fab leads to a decrease in the number of 
beta-sheets but increases the amount of coils. Thus, it seems 
completely logical for hydrogen bonds to decline in number 
(Fig. 2e). However, the number of hydrogen bonds to the Fc 
slightly increased (Fig. 2f).
In Fig. 3, the structure of the immunoglobulin molecule 
before binding to the GNP and after binding is superim-
posed, and structural changes are shown in different parts 
of the molecule. Figure 4 shows the secondary structure of 
IgG before and after binding to the GNP. The figure demon-
strates the changes in secondary structure using amino acids 
sequence. Each type of secondary structure is illustrated by 
a different color, so it is easy to distinguish a change in the 
type of secondary structure. Color key: green–yellow–dark 
yellow–purple–pink–red–white denotes turn, β sheet, beta 
bridge, α helix, 3–10 helix, Pi-helix, and coil, respectively.
This figure visually shows the stable and non-stable pat-
terns of secondary structures throughout the trajectories 
during adsorption on the GNP. By comparing the changes 
in secondary structure between Fc interactions with GNP 
during simulation, we found that in a stretch of residues 
(267–323 and 375–474), there was a major transition with 
turn turning into beta sheet (transition from green to yellow). 
We observed the transition for residues (2–206) at the Fab 
region (transition from yellow to white).
3.3  Binding Energy of IgG–GNP
We calculated the free interaction energies of Fab–GNP 
(Fig. 5a) Fc–GNP (Fig. 5b) and also the contribution of 
binding energy by amino acids based on MM-PBSA method 
(Molecular Mechanics-Poisson–Boltzmann Surface Area) 
using g_mmpbsa v5.1.2 tool (g_mmpbsa: a GROMACS tool 
for high-throughput MM-PBSA calculations—PubMed—
NCBI). Trajectory frames obtained by MD simulation were 
used in MM-PBSA method. Fab–GNP binding energy 
was − 250 kj mol−1 and with Fc–GNP binding energy was 
− 150 kj mol−1. In the Fc–GNP bond, electrostatic energy 
was stronger than Van der Waals but in the Fab–GNP bond, 
Van der Waals energy was higher than the electrostatic 
energy. As shown in the Fab domain in Fig. 5c, Ala196, 
Tyr186, Arg155, Gly152 Ala25, and Ser26, have the most 
negative binding energy to the GNP. In the Fc–GNP bond, 
Gln1200, Ser1800, Lys1177, Asn1162, Asp1124, Trp1158, 
and Val1127 have the most negative energy (Fig. 5d).
4  Summary and Conclusions
In immunoassay, the orientation of proteins, particularly 
antibodies stabilized on GNP surfaces, has an important 
role. The sensitivity of the methods of diagnosis is depend-
ent on the type of binding between the antibodies and the 
surface.
Results from the molecular dynamic simulation and dock-
ing demonstrate that antibodies attached to the GNP surface 
with Fab will see more changes in structure compared to 
when connected to Fc. However, IgG remains almost intact 
secondary structure-wise when it is adsorbed on to the GNP 
through Fc. We can conclude that binding of GNP to the 
Fig. 3  Superimpose of the two regions Fab (a) and Fc (b) from IgG 
before and after the interaction with the gold surface
139Effects of Orientation on the Stability and Affinity of Antibody–GNP Conjugation 
1 3
Fab region caused the structure of IgG molecules to change 
locally.
If it requires having a stronger antibody-to-surface bond, 
the antibody must be connected to the surface through the 
Fab region. As demonstrated in Fig. 5a, b, the Fab region 
binds with energy of − 250 kj mol−1 and the Fc region is 
bound through − 150 kj mol−1 energy. Therefore, binding of 
Fab to the GNP surface is much more stable than Fc.
In neutral pH, Van der Waals interactions contribute more 
to Fab–GNP binding compared to electrostatic interactions, 
but it is the electrostatic energy that plays the key role in 
Fc–GNP binding. Electrostatic interactions depend on the 
surrounding pH, therefore it seems like the IgG–Fc bind-
ing stability also depends on the pH. These effects can be 
important in nanoparticle-based cancer treatment, provided 
that in tumors, the cell membrane pH gradient can reach one 
unit of pH [25].
This study has been done using molecular dynamics 
simulation. There are currently no experimental studies in 
detail showing local structural changes in Abs after bind-
ing to the GNP, as well as the effect of Abs orientation on 
binding stability, to compare the results of the calculations 
with that. It is hoped that this study will lead to Abs–GNP 
immobilization/conjugation assessment experiments using 
analytical methods such as UV–Visible spectroscopy, SPR 
base assays, or Dynamic light scattering (DLS) to compare 
the experimental results with the results of computer studies.
Fig. 4  IgG’s secondary 
structure before (left) and after 
binding to the GNPs from Fab 
(middle) and Fc (right). Color 
key green–yellow–dark yellow–
purple–pink–red–white denotes 
turn, β sheet, beta bridge, α 
helix, 3–10 helix, Pi-helix, and 
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Fig. 5  a Fab–GNP binding 
energy and the contribution by 
Columbus energy and Vander 
Der Waals in total binding 
energy, b Fc–GNP Binding 
energy and the contribution by 
Columbus energy and Vander 
Der Waals in total binding 
energy. c Amino acids contribu-
tion in binding energy for Fab–
GNP interaction, d amino acids 
contribution in binding energy 
for Fc–GNP interaction
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